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Injured peripheral neurons successfully activate a
proregenerative transcriptional program to enable
axon regeneration and functional recovery. How
transcriptional regulators coordinate the expression
of such program remains unclear. Here we show
that hypoxia-inducible factor 1a (HIF-1a) controls
multiple injury-induced genes in sensory neurons
and contribute to the preconditioning lesion effect.
Knockdown of HIF-1a in vitro or conditional knock
out in vivo impairs sensory axon regeneration. The
HIF-1a target gene Vascular Endothelial Growth Fac-
tor A (VEGFA) is expressed in injured neurons and
contributes to stimulate axon regeneration. Induc-
tion of HIF-1a using hypoxia enhances axon regener-
ation in vitro and in vivo in sensory neurons. Hypoxia
also stimulates motor neuron regeneration and
accelerates neuromuscular junction re-innervation.
This study demonstrates that HIF-1a represents a
critical transcriptional regulator in regenerating neu-
rons and suggests hypoxia as a tool to stimulate
axon regeneration.
INTRODUCTION
Permanent disabilities following central nervous system (CNS) in-
juries result from the failure of injured axons to regenerate and
rebuild functional connections. The poor intrinsic regenerative ca-
pacity of mature CNS neurons is a major contributor to the regen-
eration failure (DiGiovanni, 2009;Fagoeetal., 2014; Liuetal., 2011;
Lu et al., 2014). In contrast to CNS neurons, peripheral nervous
system (PNS) neurons successfully activate intrinsic signaling
pathways to enable axon regeneration (Bradke et al., 2012; Hoff-
man, 2010; Liu et al., 2011). Defining how injured PNS neurons
transition to a proregenerative state may suggest therapeutic ap-
proaches to improve neuronal recovery following axon injury.
Sensory neurons with cell body in dorsal root ganglia (DRG)
provide a useful model system to study intrinsic regenerative720 Neuron 88, 720–734, November 18, 2015 ª2015 Elsevier Inc.pathways. DRG neurons are pseudounipolar, and in addition to
their peripherally projecting branch, they extend a second
branch through the dorsal root to innervate targets in the spinal
cord or brainstem. Whereas injury to the peripheral branch in-
creases DRG neurons’ intrinsic growth capacity and promote
expression of pro-regenerative genes such as c-Jun and
STAT3, injury to the dorsal root only minimally simulates axon
growth capacity and proregenerative gene expression (Broude
et al., 1997; Schwaiger et al., 2000; Smith and Skene, 1997).
Similarly, injury to the peripheral branch, but not the central
branch, elicits changes in the chromatin that contribute to regu-
lation of the transcriptional response (Cho et al., 2013; Finelli
et al., 2013; Puttagunta et al., 2014). Activation of such a prore-
generative gene expression program following peripheral injury
is illustrated by the conditioning injury paradigm, in which a sen-
sory neuron exposed to a prior peripheral lesion exhibits a dra-
matic improvement in axon regeneration compared to that of a
naive neuron (McQuarrie and Grafstein, 1973; Richardson and
Issa, 1984; Smith and Skene, 1997). This paradigm also reveals
that activation of a proregenerative program can partially over-
come the inhibitory environment of the CNS (Neumann and
Woolf, 1999).
Activation of a proregenerative program in peripheral neurons
relies on the expression of multiple regeneration-associated
genes (RAGs) (Blackmore, 2012). Although many genes have
been identified for their proregenerative influence, individual
gene based approaches have yielded limited success in axon
regeneration (Blackmore, 2012; Fagoe et al., 2014), illustrating
that manipulation of individual RAGs is unlikely to be sufficient
to stimulate robust and meaningful long-distance axon regener-
ation in the injured CNS. Hence, understanding how a large
ensemble of RAGs can be simultaneously activated after injury
could reveal strategies to initiate the transcriptional proregener-
ative program.
Many transcriptional profiling studies have demonstrated the
differential gene expression patterns in regenerating versus non-
regenerating neurons (Blackmore, 2012; Fagoe et al., 2014;
Moore and Goldberg, 2011). Because of the complexity and
magnitude of the gene changes detected, several studies have
also focused on searching the dataset for transcription factor
binding sites (Michaelevski et al., 2010). A comparison between
four lists of transcription factors and transcriptional modulators
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B C Figure 1. Statistical Analysis of Genes Acti-
vated by Axon Injury
(A) Percentage of upregulated genes after in vitro
axon injury that are known HIF-1a target genes. The
expression of 91 known HIF-1a target genes was
compared to the genes upregulated in injured
cultured DRG neurons. A total of 58 genes out of 91
(63.7%) were upregulated over the 1.2 threshold at
3, 8, 12, or 40 hr after in vitro axotomy.
(B) As in (A), but comparison to predicted HIF-1a
target genes. A total of 61 genes out of 98 (62.2%)
were upregulated over the threshold at 3, 8, 12, or
40 hr after in vitro axotomy.
(C) Distribution of percentages of upregulated genes
over the threshold in 220,000 randomly selected
groups of 189 genes from a total of 15,310 genes
detected in the microarray analysis (with detection
p value below 0.01). The percentage of upregulated
genes over the threshold in each group was calculated and plotted (mean, 48.3%; SD, 3.4). The probability of obtaining 62.2% of upregulated genes in a group of
189 genes is below 0.005%.
(D) Quantitative PCR analysis of mRNA prepared from mouse DRG cultures at 0, 3, 8, 12, and 40 hr after axotomy (n = 3; mean ± SEM). For each gene, the log2-
transformed expression fold change at the time after axotomy at which maximum fold change was detected is indicated.predicted to be active in regenerating DRG identified c-Jun as
the only transcription factor common to four profiling studies
(Blackmore, 2012). ATF3 and members of the KLF and SMAD
families, which play important roles in axon regeneration (Moore
et al., 2009; Moore and Goldberg, 2011; Zou et al., 2009), were
common in three profiling studies (Blackmore, 2012). Another
interesting transcription factor identified in this comparative
study is the Hypoxia-Inducible Factor (HIF) (Blackmore, 2012).
In C. elegans, hif-1 mutants show reduced regeneration (Nix
et al., 2014), but whether HIF-1 functions in mammal to regulate
axon regeneration has not been examined in detail.
HIF-1 is a transcriptional mediator of the cellular response to
hypoxia, a form of cellular stress. HIF-1 is a heterodimeric tran-
scription factor consisting of two subunits, HIF-1a and HIF-1b
(Dunwoodie, 2009; Yee Koh et al., 2008). Whereas HIF-1b is
constitutively expressed, HIF-1a expression and activity are
regulated by cellular oxygen concentration. Under normal oxy-
gen levels HIF-1a hydroxylation targets it for ubiquitylation and
proteasomal degradation (Dunwoodie, 2009; Yee Koh et al.,
2008). In addition, HIF-1a hydroxylation blocks its binding to
the transcriptional coactivator CBP/p300 (Kallio et al., 1998;
Lisy and Peet, 2008). In low-oxygen conditions, the rate of hy-
droxylation is reduced, resulting in HIF-1a accumulation and
translocation to the nucleus, where it binds to HIF binding sites
within hypoxia response elements on HIF target gene promoters
or enhancers (Pawlus and Hu, 2013). Activation of HIF-1a to a
fully competent transcriptional regulatory protein complex in-
volves control of protein stability, subcellular localization, DNA
binding, and interaction with transcriptional coregulators (Paw-
lus and Hu, 2013; Ruas and Poellinger, 2005). Some of these
transcription coregulators harbor histone acetyltransferase ac-
tivity, such as p300/CBP (Arany et al., 1996), SRC-1 (Carrero
et al., 2000), or histone deacetylase activity, such as class II
HDACs (Kato et al., 2004; Seo et al., 2009). Other transcriptional
coregulators include chromatin-remodeling complexes (Dekanty
et al., 2010) and transcription factors (Pawlus and Hu, 2013) such
as c-Jun and STAT3 (Pawlus andHu, 2013); HIF-1a thus controlsgene expression by recruiting coactivators and modifying the
chromatin structure.
Here we reveal that a large proportion of the known (Benita
et al., 2009) or predicted (Ortiz-Barahona et al., 2010) HIF-1a
target genes are upregulated by axon injury in cultured DRGneu-
rons. In the absence of HIF-1a, in vitro and in vivo regeneration of
sensory axons is impaired. Consistent with a role of HIF-1a in
proregenerative gene expression, we found that sciatic nerve
injury, but not dorsal root injury, leads to the accumulation of nu-
clear HIF-1a in DRG neurons. We further show that HIF-1a is
required to fully activate the intrinsic regenerative program that
mediates the conditioning injury paradigm. The HIF-1a target
gene VEGFA is expressed in injured neurons and contributes
to stimulate axon regeneration. We also demonstrate that acute
intermittent hypoxia (AIH) enhances sensory axon regeneration
in a HIF-1a-dependent manner, as well as axon regeneration in
motor neurons. This study identifies HIF-1a as an important tran-
scriptional regulator participating in the activation of a prorege-
nerative program and suggests a role for hypoxia as a noninva-
sive tool to stimulate axon regeneration.
RESULTS
A Large Proportion of HIF-1a Target Genes Are Induced
following Injury
To determine whether HIF-1a participates in the activation of a
proregenerative program, we generated a list of genes activated
in injured cultured DRG neurons from our previous microarray
data (Cho et al., 2013) and compared injury-induced genes
with identified (Benita et al., 2009) or predicted (Ortiz-Barahona
et al., 2010) HIF-1a target genes. We found that 63.7% (58 out
of 91) of genes known as HIF-1a targets were upregulated after
axon injury over the 1.2 fold threshold (Figure 1A; see Table S1
available online), and 62.2% (61 out of 98) of predicted HIF-1a
target genes were upregulated after injury (Figure 1B; Table
S2). To test the probability of obtaining these percentages within
a given random group of genes, we generated 220,000 groupsNeuron 88, 720–734, November 18, 2015 ª2015 Elsevier Inc. 721
A B
C D
Figure 2. Microarray Analysis of Genes
Regulated by HIF-1a in DRG Neurons
(A) Microarray analysis of gene expression profiles
from RNA samples of control DRG cultures, HIF-1a
knockdown (KD), or HIF-1a-overexpression (OE)
cultures (x axis, arbitrary units of normalized
expression levels of control; y axis, arbitrary units
of normalized expression levels of HIF-1a-knock-
down (left) or HIF-1a-overexpression (right); R2,
coefficient of determination).
(B) Tree map of functional ontology from genes
upregulated by HIF-1a overexpression (left) or
downregulated by HIF-1a overexpression (right).
(C) Schematic diagram of the screen identifying
injury-responsive genes regulated by HIF-1a.
(D) Functional gene ontology of HIF-1a-regulated
injury-responsive genes.each containing 189 genes (with detection p value below 0.01)
randomly selected from a total of 15,310 genes detected in our
microarray analysis (Cho et al., 2013). The size of the group
(189 genes) was selected to represent the size of the group of
predicted and known HIF-1a target genes. The percentage of
upregulated genes over the threshold in every group was calcu-
lated and plotted, with a mean value of 48.3% (Figure 1C). This
result indicates that for any random group of 189 genes detected
within the array, 48.3% are upregulated after injury. The proba-
bility of obtaining 62.2% of upregulated genes calculated in Fig-
ure 1B is below 0.005%, revealing that transcription of a signifi-
cant proportion of HIF-1a target genes occurs after injury. We
next performed qPCR analysis and found that 22 out of 27
HIF-1a target genes tested were upregulated at different time
points after axon injury in cultured DRG neurons (Figure 1D).
Five out of 27 candidate genes testedwere not different between
injured and uninjured conditions, and one gene was downregu-
lated by injury (Figure 1D).
To validate that these genes are indeed HIF-1a transcriptional
target genes, we measured the fold induction 24 hr following
in vitro axotomy of a selected group of genes in control DRGneu-
rons or in DRG neurons in which HIF-1a was knocked down.
qPCR for HIF-1a confirmed the efficiency of the knock down
(Figure S1). Compared to housekeeping genes (SF3B5 and
MRLP10), whose expression was not affected by injury or HIF-
1a knockdown, we observed that the induction of seven genes
following in vitro axotomy was reduced by HIF-1a knockdown
(Figure S1). These results indicate that HIF-1a contributes to
the expression of injury-responsive genes in DRG neurons.
To further study the genes regulated by HIF-1a in DRG neu-
rons, we examined changes in gene expression in cultured
DRG by microarray analysis, comparing DRG control condition
to DRG overexpressing HIF-1a or to DRG in which HIF-1a was
knocked down, in uninjured conditions as well as 3 and 12 hr af-
ter in vitro axotomy. A total of 9,400 probes (36.7% of total
probes) were detected with significant detection p value. In un-
injured neurons, HIF-1a knockdown did not significantly change722 Neuron 88, 720–734, November 18, 2015 ª2015 Elsevier Inc.the gene expression profile, whereas gene expression was
dramatically altered by constitutive overexpression of HIF-1a
(Figure 2A). Overexpression of HIF-1a not only induced expres-
sion of some genes but also suppressed other genes (Figures 2A
and 2B; Tables S3 and S4). Biological functions of genes down-
regulated byHIF-1a overexpression weremainly involved in RNA
processing and vesicle transport (Figure 2B; Table S4). These re-
sults imply that the overall gene expression profile in DRG
neurons is modestly affected by HIF-1a knockdown but more
significantly affected by constitutive overexpression of HIF-1a.
Among the 9,400 probes detected, 2,659 (10.4%) were upre-
gulated above the threshold of 1.2-fold at 3 or 12 hr after in vitro
axotomy in DRG control condition. To screen for injury-induced
HIF-1a dependency, a differential expression slope value was
calculated (see Supplemental Experimental Procedures for de-
tails). Only those genes with expression level at 3 or 12 hr post-
axotomy higher in the control set than in HIF-1a knockdown set
were included, leading to 1,210 (4.7%) injury-responsive HIF-
1a-target genes. Finally, the 1,210 genes were further screened
for HIF-1a dependency by comparing their basal expression
level at 0 hr in control and in HIF-1a-overexpression set. This final
filtering led to 493 genes (1.9%) defined as genes induced by
axon injury and regulated by HIF-1a (Figure 2C; Table S5).
Gene ontology showed that most of these genes were involved
in MAPK signaling pathway, insulin signaling pathway, and regu-
lation of actin cytoskeleton pathway (Figure 2D).
HIF-1a and HIF-1a-Dependent Genes Regulate Axon
Regeneration in DRG Neurons
Since HIF-1a appears to control the expression of numerous
genes after axon injury, we used an in vitro axotomy assay
(Cho and Cavalli, 2012; Cho et al., 2013) to test whether modu-
lating HIF-1a levels changes the regenerative capacity of
cultured DRG neurons. Spot-cultured DRG neurons were in-
fected with control shRNA or two different shRNA targeting
HIF-1a. Both shRNA constructs efficiently reduced the levels
of HIF-1a to 22.6% ± 5.7% and 18.4% ± 3.3% (Figure S2).
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Figure 3. HIF-1a Is Required for Axon
Regeneration In Vitro
(A) DRG spot-cultured neurons were infected with
control shRNA (control), two different shRNAs
targeting HIF-1a (KD1, KD2), or HIF-1a-over-
expressing lentivirus (OE); fixed; and immuno-
stained with SCG10 antibody 40 hr after axotomy.
Scale bar, 200 mm. Dotted line indicates the ax-
otomy site.
(B) In vitro regeneration index was calculated from
images in (A) (n = 9, 14, and 16 for each condition;
***p < 0.001 by one-way ANOVA with Tukey test;
mean ± SEM; ns, not significant).
(C) In vitro regeneration assay was performed with
the knockdown of selected candidate HIF-1a
target genes (n = 11, 12, 12, 17, 13, 15, 13, and 11
for Control, PDE1B, HMOX1, MAP3K1, ARHGEF3,
ARHGAP29, NGFR, and VEGFA; ***p < 0.001, **p <
0.01, *p < 0.05 by one-way ANOVAwith Tukey test;
mean ± SEM).GFP- HIF-1a protein expression was 3-fold over endogenous
HIF-1a levels (Figure S2). DRG were axotomized and immuno-
stained for SCG10, a marker of regenerating axons (Shin et al.,
2014), 40 hr after injury. To assess the regenerative capacity of
injured axons, the ratio of SCG10 fluorescence intensity proximal
and distal to the axotomy line was measured, as described (Cho
et al., 2013). This measure reflects both the length and number of
regenerating axons. HIF-1a knockdown significantly impaired
axon regeneration in vitro (Figures 3A and 3B). We found that
the constitutive overexpression of HIF-1a also inhibited axon
regeneration to an extent similar to HIF-1a knockdown (Figures
3A and 3B). These results indicate that regulation of HIF-1a
levels following axon injury plays an important role in axon
regeneration.
To examine whether HIF-1a-target genes affect regenerative
capacity, we examined the role of a small group of candidate
HIF-1a-dependent genes in the in vitro axotomy assay. We
selected the candidate genes (PDE1B, HMOX1, MAP3K1, ARH-
GEF3, ARHGAP29, NGFR, and VEGFA) based on their high basal
expression and their high fold change following injury (Figure S5).
HMOX1 and VEGFA are also known HIF-1a-dependent genes
(Figures 1D and S1), whereas all others genes were selected
fromour screen for injury-induced,HIF-1a-dependentgenes (Fig-
ure 2C; Table S5). Knockdown of PDE1B, HMOX1, MAP3K1,
NGFR, and VEGFA significantly inhibited axon regeneration,
demonstrating that HIF-1a-dependent genes can positively con-
trol axon regeneration (Figure 3C). However, knocking down
ARHGEF3andARHGAP29, twogeneswhichare involved in cyto-
skeleton remodeling through small GTPase Rho (Saras et al.,
1997), showed enhanced regeneration, suggesting that some of
the HIF-1a-dependent genes can negatively impact axon regen-
eration (Figure 3C). These results suggest that HIF-1a-dependent
genes can either promote or impair axon regeneration.
HIF-1a Regulates Axon Regeneration in DRG Neurons
In Vivo
To investigate the contribution of HIF-1a to axon regeneration
in vivo, we crossedHIF1Aflox/floxmice tomice expressingCre un-der the control of the Advillin promoter, which is expressed
almost exclusively in peripheral sensory neurons (Hasegawa
et al., 2007; Zhou et al., 2010). HIF1Aflox/flox;AdvillinCre/+ mice
are hereafter referred to as HIF1AcKO and HIF1Aflox/flox;
Advillin+/+ as littermate control. The efficiency of Advillin-Cre-
mediated HIF1A knockout in DRG neurons was verified by west-
ern blot and immunofluorescence (Figures S3A–S3D). Sciatic
nerves of control or HIF1AcKOmice were crushed, and regener-
ating axons were labeled by SCG10 3 days later, as described
(Cho et al., 2013; Shin et al., 2014). To quantify axon regenera-
tion, SCG10 fluorescence intensity was measured along the
length of the nerve. A regeneration index was calculated by
normalizing the average SCG10 intensity at distances away
from the crush site to the SCG10 intensity at the crush site.
This measure takes into account both the length and the number
of regenerating axons past the crush site. Absence of HIF-1a in
sensory neurons reduced axon regeneration past the crush site
(Figures 4A–4C), indicating that HIF-1a contributes to axon
regeneration in vivo.
Activation ofHIF-1a to a competent transcriptional activator in-
volves control of protein stability and nuclear localization. The
cellular level of HIF-1a protein is regulated by oxygen level and
also by various signal transduction pathways (Yee Koh et al.,
2008), including calcium, which enhances HIF-1a transcriptional
activity (Mottet et al., 2003) and protein levels (Hui et al., 2006; Liu
et al., 2007).We thus testedwhether axon injury elicits changes in
HIF-1a levels in DRG neurons. Western blot analysis showed a
1.2-fold increase inHIF-1aprotein levels inDRG24hr after sciatic
nerve injury (Figures S3E and S3F). Quantitative PCR analysis
also showed a 1.5-fold increase in HIF-1amRNA levels following
in vitro axotomy (Figure S3G). We next tested whether the in-
crease in HIF-1a protein levels in injured neurons requires the
back-propagating calcium wave elicited by axon injury (Cho
and Cavalli, 2012; Cho et al., 2013). We found that calcium-che-
lation with BAPTA at the site of injury prevented the increase in
HIF-1a protein levels in DRG soma (Figures S3H and S3I).
We next tested whether the increase in HIF-1a protein levels






Figure 4. HIF-1a Is Required for Axon Regeneration In Vivo
(A) Representative longitudinal sections of sciatic nerve from control or HIF1AcKO mice 3 days after crush injury stained with SCG10 and bIII tubulin (TUJ1)
antibody. Scale bar, 500 mm. Dotted lines indicate the crush site, identified as the maximal SCG10 intensity.
(B and C) In vivo regeneration indexwas calculated from images in (A). SCG10 intensity wasmeasured from the crush site toward the distal end and normalized to
the intensity at the crush site. SCG10 intensity was plotted as a function of the distance from the crush site (n = 7 and 10 for control and HIF1AcKO, respectively;
***p < 0.001, *p < 0.05 by one-way ANOVA with Tukey test; mean ± SEM).
(D) Representative longitudinal sections of mouse L4 DRGs dissected 24 hr after sciatic nerve or dorsal root injury, immunostained with HIF-1a and bIII tubulin.
Scale bar, 20 mm.
(E) Average relative intensity of nuclear HIF-1a over total HIF-1a from images in (D) (n = 20, 22 and 18 for no injury, sciatic nerve injury (SN) and dorsal root injury
(DR), respectively; ***p < 0.001 by one-way ANOVA with Tukey test; mean ± SEM; ns, not significant).
(F) Average percentage of DRG neurons displaying nuclear HIF-1a intensity over 30% (n = 10, 12, and 12 for no injury, sciatic nerve injury (SN) and dorsal root
injury (DR), respectively; ***p < 0.001, *p < 0.05 by one-way ANOVA with Tukey test; mean ± SEM).nuclear localization would be differently affected by sciatic nerve
injury or dorsal root injury. Mouse L4 DRG were dissected 24 hr
after sciatic nerve injury or after L4 dorsal root injury; immuno-
stained for HIF-1a and bIII tubulin (TUJ1), a neuron-specific
marker; and compared to uninjured controls. Sciatic nerve injury
induced nuclear accumulation of HIF-1a in DRG neurons (Fig-
ures 4D and 4E). The proportion of DRG neurons having nuclear724 Neuron 88, 720–734, November 18, 2015 ª2015 Elsevier Inc.HIF-1a was also increased by sciatic nerve injury (Figure 4F). In
contrast, dorsal root injury did not affect the average relative in-
tensity of nuclear HIF-1a (Figure 4E) and only modestly
increased the proportion of neurons having nuclear HIF-1a (Fig-
ure 4F). These experiments indicate that sciatic nerve injury, but
not dorsal root injury, leads to the nuclear accumulation of HIF-
1a in a calcium-dependent manner.
HIF-1a Is Involved in Regulating Preconditioning Lesion
Effects
Injured PNS axons form new growth cones that lead to axon
extension. Axon regeneration is subsequently promoted by the
upregulation of proregenerative genes. Given the transcriptional
role of HIF-1a, we next tested whether HIF-1a stabilization in
injured DRG neurons contributes to the induction of the regener-
ation program rather than the local and initial axon extension. To
test this hypothesis, we took advantage of the preconditioning
lesion paradigm, in which DRG neurons primed by a prior injury
exhibit improved regeneration after a second injury, compared to
that after the first injury (McQuarrie andGrafstein, 1973; Richard-
son and Issa, 1984; Shin et al., 2012; Smith and Skene, 1997). To
first examine the early phase of axon regeneration, the sciatic
nerves of control or HIF1AcKO were subjected to a crush lesion
and allowed to regrow for 1 day: at this early time point induction
of the transcriptional response is not fully involved (Shin et al.,
2012).We found that regeneration of SCG10-positive axons after
1 day was not affected by absence of HIF-1a (Figures 5A and
5D), demonstrating that HIF-1a is not required for the early phase
of axon regeneration. When we performed a preconditioning
injury, in whichwe crushed the sciatic nerve 3 days prior to a sec-
ond crush to allow for induction of the proregenerative program
(Shin et al., 2012; Smith and Skene, 1997), we observed an
2-fold increase in axon regeneration in control mice, which
was significantly reduced by conditional knockout of HIF-1a
(Figures 5B–5D). These experiments indicate that HIF-1a con-
tributes to the activation of a proregenerative program that
primes DRG neurons for accelerated growth after injury, consis-
tent with the role of HIF-1a as a transcriptional regulator.
Because the dual leucine zipper kinase (DLK) is essential for
the activation of the proregenerative program (Shin et al.,
2012), we next tested whether HIF-1a regulates the precondi-
tioning effect by modulating the DLK pathway. We investigated
whether absence of HIF-1a impacts the elevation of DLK levels
by injury (Huntwork-Rodriguez et al., 2013) or the activation of
the transcription factor c-Jun, a well-characterized downstream
effector of DLK (Shin et al., 2012). We found that 3 days after
sciatic nerve injury, DLK protein levels were increased in DRG
in both control and HIF1AcKO (Figures 5E and 5F), with a more
pronounced increase in DLK expression in HIF1AcKO compared
to control. In contrast, phosphorylation levels of c-Jun were
reduced in HIF1AcKO compared to control (Figures 5E and
5F), consistent with the observation that HIF-1a-dependent
genes are involved in MAPK signaling pathway (Figure 2D). To
further examine the link between the DLK and the HIF-1a path-
ways, we determined the levels of HIF-1a after nerve injury in
mice lacking DLK in sensory neurons (DLKcKO) (Shin et al.,
2012). The levels of nuclear HIF-1a increased to a similar extent
in both control and DLKcKOmice (Figure S4). These results indi-
cate that the injury-induced increase in the protein levels of DLK
and HIF-1a does not require the function of each other. Instead,
both the DLK and HIF-1a pathways impact the activation of
c-Jun and the preconditioning program, with a more prominent
role for DLK (Shin et al., 2012) compared to HIF-1a.
Because HIF-1a is known to interact with histone acetyl trans-
ferases (Arany et al., 1996; Carrero et al., 2000) and increased
histone acetylation levels correlate with regenerative capacity(Cho et al., 2013; Finelli et al., 2013; Puttagunta et al., 2014),
we examined the levels of acetylated histone H3. We found
that the injury-induced increase in acetylated histone H3 at ly-
sines 9 and 14 was impaired in HIF1AcKO (Figures 5E and 5F).
These results suggest that HIF-1a in injured neurons contributes
to the activation of c-Jun and to the increase in histone H3 acet-
ylation levels, which support the activation of the proregenera-
tive gene expression program.
The HIF-1a Target Gene VEGFA Enhances Axon
Regeneration
Vascular endothelial growth factor A (VEGFA) is a well-estab-
lished HIF-1a target gene (Arany et al., 1996; Forsythe et al.,
1996) which is mostly known for its role in blood vessel growth.
However, VEGFA also promotes a wide range of neuronal func-
tions, including neuronal survival and axon guidance (Mackenzie
and Ruhrberg, 2012). We found that VEGFA is an injury-induced
HIF-1a target gene (Figure S1), and previous studies showed
that the presence of VEGFA within acellular conduits (Hobson
et al., 2000) or VEGFA gene therapy (Pereira Lopes et al.,
2011) increased vascularization and enhanced nerve regenera-
tion. In addition, we verified that the levels of VEGFA are reduced
in DRG of HIF1AcKOmice compared to controls (Figure S5). We
thus asked whether the direct delivery of VEGFA to injured
sciatic nerve in control mice increases axon regeneration and
whether it would restore axon regeneration in HIF1AcKO mice.
Because VEGF receptors are present on axons and growth
cones (Sondell et al., 1999, 2000) and VEGF stimulates axonal
outgrowth by acting both on the growing axons and cell bodies
(Sondell et al., 2000), we administered VEGFA at the site of injury.
Delivery of VEGFA to the injury site enhanced axon regeneration
in control mice (Figures 6A–6C). In HIF1AcKO mice, VEGFA
applied to the injured sciatic nerve also enhanced axon regener-
ation (Figures 6D–6F) but did not fully restore axon regeneration
to the level of control mice. These results indicate that VEGFA is
part of the ensemble of genes regulated by HIF-1a in injured neu-
rons, but that expression of other gene is also required to stimu-
late axon regeneration.
Hypoxia Increases HIF-1a Levels and Stimulates Axon
Regeneration In Vitro
Inducing HIF-1a levels in DRG neurons may increase regenera-
tion capacity by activating a group of HIF-1a-dependent genes
that contribute to axon regeneration. Since we observed that
constitutive overexpression of HIF-1a suppresses axon regener-
ation (Figures 3A and 3B), we tested whether a temporally
controlled induction of HIF-1a levels in DRG neurons would pro-
mote axon regeneration, hoping that this may more closely
mimic HIF-1a stabilization induced by injury in vivo. To achieve
this, we first used an inducible tetracyclin-on HIF-1a lentiviral
expression vector and determined the dose of doxycycline and
the duration of application needed to reach HIF-1a protein levels
similar to those observed following sciatic nerve injury. We found
that GFP-HIF-1a protein was minimally induced with a treatment
of 2 mg/ml of Doxycyclin for 4 hr (Figures 7A–7C and S6). We then
used these conditions in an in vitro axon regeneration assay and
observed that induction of HIF-1a with Doxycycline (+Dox)





Figure 5. HIF-1a Contributes to Preconditioning Lesion Effects
(A) Representative longitudinal section images of sciatic nerve dissected 1 day after single injury (‘‘single injury’’). Sections from control or HIF1AcKO mice were
immunostained with SCG10 and bIII tubulin. Scale bar, 500 mm. Dotted lines indicate the crush site.
(B) Representative longitudinal section images of mouse sciatic nerve 1 day after a second injury, given 3 days after a preconditioning injury (‘‘double injury’’).
Sections from control or HIF1AcKO were immunostained with SCG10 and bIII tubulin. Scale bar, 500 mm. Dotted lines indicate the crush site.
(C) In vivo regeneration index was calculated from images in (B). SCG10 intensity was measured from the crush site toward the distal end and normalized to the
intensity at the crush site. SCG10 intensity was plotted as a function of the distance from the crush site (n = 6 for each condition; ***p < 0.001 by one-way ANOVA
with Tukey test; mean ± SEM; ns, not significant).
(D) The distance at which regenerating axons display 50%of the SCG10 intensity at the crush site was calculated (n = 6 for each condition; ***p < 0.001, **p < 0.01
by one-way ANOVA with Tukey test; mean ± SEM; ns, not significant).
(E) Western blot of dissected L4 and L5 DRGs from control or HIF1AcKO mice that received (+Ax) or not (Ax) a sciatic nerve axotomy 3 days earlier.
(F) Average fold changes in intensity (+Ax/Ax) (n = 3 for each condition; #p > 0.05, *p < 0.05 by t test; mean ± SEM).






Figure 6. The HIF-1a Target Gene VEGFA Enhances Axon Regeneration
(A) Representative longitudinal sections of sciatic nerves from wild-type mice treated with vehicle or recombinant mouse VEGFA, dissected 3 days after injury,
and immunostained for SCG10 and bIII tubulin. Scale bar, 500 mm. Dotted lines indicate the crush site.
(B and C) In vivo regeneration index calculated from (A) (n = 6 and 8 for vehicle and VEGFA; ***p < 0.001, **p < 0.01 by t test; mean ± SEM).
(D) Representative longitudinal sections of sciatic nerves from HIF1AcKO mice treated with vehicle or recombinant mouse VEGFA, dissected 3 days after injury,
and immunostained for SCG10 and bIII tubulin. Scale bar, 500 mm. Dotted lines indicate the crush site.
(E and F) In vivo regeneration index calculated from (D) (n = 12 for each condition; *p < 0.05 by t test; mean ± SEM; ns, not significant).(Dox) (Figures 7D and 7E). These experiments demonstrate
that a temporally controlled increase in HIF-1a levels, in contrast
to constitutive overexpression (Figures 3A and 3B), enhanced
axon regeneration.
Since oxygen controls HIF-1a levels, we next sought to test
whether hypoxia increases HIF-1a levels in cultured DRG neu-
rons. Hypoxia is defined as the reduction or lack of oxygen in tis-
sues or cells. To generate hypoxic conditions in cultured DRG
neurons, we used a mixture of 5% CO2 balanced with 95% N2,
as described (Wu and Yotnda, 2011). DRG spot-cultured neu-
rons were kept in hypoxic conditions for 2, 4, and 24 hr. We
observed a 1.5-fold increase in HIF-1a levels after a period of
4 hr of continuous hypoxia (Figures 7F and 7G). We also
observed an increase in phosphorylation levels of protein kinase
C (PKC) (Figures 7F and 7G), which is known to be activated by
hypoxia (Goldberg et al., 1997; Lee et al., 2007). We next tested
whether 4 hr of continuous hypoxia enhanced in vitro axon
regeneration (Figure 7H). Four hours of continuous hypoxia
before or immediately after injury enhanced axon regeneration
by2-fold (Figure 7I). However, if hypoxia treatment was started
with a delay of 4, 8, or 12 hr after injury, no differences in axon
regeneration were observed (Figures 7J and 7K). These results
demonstrate that in vitro axon regeneration can be enhancedwith a hypoxia treatment administered immediately before or
after axon injury.
Acute Intermittent Hypoxia Enhances Axon
Regeneration In Vivo
Next we asked whether hypoxia also stimulates regenerative re-
sponses in injured sensory neurons in vivo. We chose AIH, which
has been widely used for its beneficial effects in multiple physi-
ological systems (Navarrete-Opazo and Mitchell, 2014). We
thus assessed whether axon regeneration can be enhanced by
AIH in vivo. To test this possibility, mice were submitted to AIH
(10min episodes of 8%O2 balancedwith N2with 10min intervals
of normoxia for 2 hr; Figure 8A). This 2 hr AIH treatment was
effective in increasing HIF-1a levels and in activating the hypox-
ia-induced JNK phosphorylation in DRGs (Gozal et al., 1999)
(Figures 8B and 8C). Immediately following this 2 hr AIH treat-
ment, we also observed that the expression of a subset of HIF-
1a-dependent genes, including VEGFA, were upregulated in
DRGs (Figure S7A). Since VEGFA is a well-established HIF-1a
target gene (Figure S1 and see Arany et al., 1996; Forsythe
et al., 1996), these results further suggest that the increased pro-
tein levels of HIF-1a correlate with a transcriptionally active HIF-







Figure 7. Temporally Controlled HIF-1a Induction Enhances Axon Regeneration In Vitro
(A and B) Western blot analysis of tetracyclin-inducible tre-GFP-HIF-1a expression in cultured DRG neurons with different doxycycline concentrations (A) or
different induction time (B).
(C) Western blot analysis of tre-GFP-HIF-1a expression by doxycycline induction. The arrow indicates the exogenous GFP-HIF-1a, and the arrowhead indicates
the endogenous HIF-1a.
(D) Representative images of in vitro regeneration of tre-GFP-HIF-1a-transduced DRG neurons without (Dox) or with doxycycline induction (+Dox). Scale bar,
100 mm.
(E) In vitro regeneration index calculated from (D) (n = 16 for each condition; ***p < 0.001 by t test; mean ± SEM).
(F) Western blot analysis of cultured DRG neurons treated with hypoxia for the indicated amount of time.
(G) Quantification of (F) (n = 4; *p < 0.05 by one-way ANOVA with Tukey analysis; mean ± SEM).
(H and J) Experimental schemes for the in vitro regeneration assay with different hypoxia conditions. Numbers indicate hour at which hypoxia condition was
started. In vitro axotomywas given at the 0 hr. A refers to a 4 hr hypoxia treatment before axotomy; B refers to a 4 hr of hypoxia treatment after axotomy. B, C, and
D refer to hypoxia starting 4, 8, or 12 hr after axotomy, respectively.
(I and K) In vitro regeneration index from the experimental schemes in H and J. N, normoxia (n = 15, 14, and 18 for N, A, and B of C; n = 15, 18, 12, 12, and 16 for N,
A, B, C, and D of E; **p < 0.01 by one-way ANOVA with Tukey test; ns, not significant; mean ± SEM).starting 2 hr after sciatic nerve injury in control and HIF1AcKO
mice. After 3 days mice were sacrificed, sciatic nerve harvested,
and regenerating axons quantified as in Figure 4A. Compared to
normoxia, AIH increased axon regeneration past the crush site in
control mice (Figures 8D–8F). In contrast, we observed that AIH
failed to stimulate axon regeneration in HIF1AcKO mice
compared to control mice (Figures 8D–8F). These results indi-
cate that AIH acts mainly through HIF-1a to stimulate axon
regeneration (Figure S7B).
To test whether AIH also stimulates long-range axon regener-
ation in motor neurons, we measured reinnervation of the neuro-
muscular junction in the extensor hallucis longus muscle 12 days
after sciatic nerve injury. AIH was administered daily for 7 days
starting 1 hr after sciatic nerve injury in YFP-16 mice (Feng728 Neuron 88, 720–734, November 18, 2015 ª2015 Elsevier Inc.et al., 2000), which express YFP in motor neurons. Reinnervation
was quantified 5 days later by measuring the percentage of NMJ
boutons that colocalized with YFP, as described (Cho et al.,
2013). We observed accelerated regeneration promoted by
AIH treatment in motor axons reinnervating the NMJ (Figures
8G and 8H). The observed accelerated motor neuron regenera-
tion may result from non-cell-autonomous or secondary effects,
but together with the observation that daily AIH induces func-
tional improvement in respiratory and nonrespiratory motor
pathways after chronic and acute cervical spinal injury (Lovett-
Barr et al., 2012; Navarrete-Opazo et al., 2015); this result sug-
gests that the HIF-1a-dependent mechanisms we describe in







Figure 8. Acute Intermittent Hypoxia Enhances Axon Regeneration In Vivo
(A) Experimental scheme for in vivo AIH: six 10 min hypoxic episodes (8% oxygen) with equivalent 10 min normoxic intervals. Green bar indicates 10 min hypoxic
condition, and black bar indicates 10min normoxic condition (AIH total duration, 120min). Control mice followed the same 120min regime under normoxia. SNC,
sciatic nerve crush.
(B) Western blot analysis of mouse L4 and L5 DRGs treated for 120 min of normoxia (No) or hypoxia (Hx) using the AIH protocol.
(C) Quantifications of protein level of HIF-1a and p-JNKs (n = 3 for each condition; ***p < 0.001, **p < 0.01 by t test; mean ± SEM).
(D) Representative longitudinal sections of sciatic nerves from control or HIF1AcKO mice, dissected 3 days after injury with or without daily AIH and immuno-
stained for SCG10 and bIII tubulin. Scale bar, 500 mm.
(E and F) In vivo regeneration index calculated from (D) (n = 7 and 10 for normoxia and hypoxia from control mice, n = 10 and 8 for normoxia and hypoxia from
HIF1AcKO mice; *p < 0.05 by one-way ANOVA with Tukey test; mean ± SEM; ns, not significant).
(G) Motor axon reinnervation assays. EHL muscles of thy1-YFP-16 mice dissected 12 days after sciatic nerve injury with or without daily AIH were stained with
Alexa Fluor 647-conjugated a-Bungarotoxin (aBTX). Scale bar, 100 mm.
(H) Quantification of percentage of axon-non-occupied (N) and axon-re-occupied NMJ end plates (O) (n = 15 for each condition; box, 25%–75%; whisker,
standard deviation; closed circle, mean; ***p < 0.001 by one-way ANOVA with Tukey test; ns, not significant).
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Together, these results identify HIF-1a as an important tran-
scriptional activator in axon regeneration and suggest a role for
hypoxia as a noninvasive tool to stimulate axon regeneration.
DISCUSSION
Injured sensory neurons successfully regain axon growth ability
via activation of a proregenerative transcriptional program that
enables axon regeneration and functional recovery. Here we
demonstrate that HIF-1a contributes to the injury-induced tran-
scriptional response and that modulating HIF-1a levels with
AIH increases axon regeneration in sensory neurons, represent-
ing a noninvasive yet effective way to activate the proregenera-
tive program.
Injury to the peripheral axon branch of sensory neurons in-
creases their intrinsic growth capacity and also promotes
some level of regeneration of their centrally projecting axons
(Neumann and Woolf, 1999; Richardson and Issa, 1984). This
preconditioning paradigm requires transcriptional events (Smith
and Skene, 1997) and reveals that activation of a proregenerative
program can overcome the inhibitory environment of the CNS.
Here we show that HIF-1a represents an important transcrip-
tional regulator of the preconditioning effect, with reduced levels
of HIF-1a impairing the accelerated growth promoted by a prior
injury. In the absence of HIF-1a in DRG, we observed reduced
activation of c-Jun, although not to the same extent as in mice
lacking DLK (Shin et al., 2012). Hence our results suggest that
both the DLK and HIF-1a pathways impact the activation of
the preconditioning program, with a more prominent role for
DLK (Shin et al., 2012) compared to HIF-1a. Whether HIF-1a op-
erates in parallel or together with DLK in the preconditioning ef-
fect remains to be tested. Although we saw a comparable in-
crease in HIF-1a levels in both control and DLKcKO mice,
whether HIF-1a in DLKcKO represents a fully competent tran-
scriptional complex remains to be determined. Indeed, other
injury-induced cofactors may interact with HIF-1a at the pro-
moter of HIF-1a-target genes (Pawlus and Hu, 2013). In partic-
ular, two transcription factors known to be activated by axon
injury, c-Jun and STAT3 (Broude et al., 1997; Schwaiger et al.,
2000), functionally cooperate with HIF-1a in hypoxia-induced
gene transcription (Alfranca et al., 2002; Gray et al., 2005; Oh
et al., 2011). Since the levels of c-Jun and STAT3 activation
are reduced in DLKcKO mice (Shin et al., 2012), HIF-1a might
not represent a fully competent transcriptional activator in the
absence of DLK signaling. Future studies are needed to compare
gene expression in both HIF1cKO and DLKcKO to establish the
extent of overlap between DLK and HIF-1a-dependent genes.
Interestingly, we found that HIF-1a is also required for the
injury-induced increase in histone acetylation, which promotes
axon regeneration in peripheral (Cho et al., 2013) and central
axons (Finelli et al., 2013; Puttagunta et al., 2014). Failure to in-
crease histone acetylation in response to axon injury in the
absence of HIF-1a may result from a decreased recruitment of
transcriptional coregulators that harbor histone acetyltransfer-
ase activity, such as p300/CBP (Arany et al., 1996) or SRC-1
(Carrero et al., 2000). Stabilization and nuclear accumulation of
HIF-1a following axon injury may thus contribute to control the
chromatin structure in injured sensory neurons, since HIF-1a is730 Neuron 88, 720–734, November 18, 2015 ª2015 Elsevier Inc.known to be involved in chromatin changes in other systems
(Perez-Perri et al., 2011).
What are the signaling mechanisms promoting HIF-1a stabili-
zation and nuclear accumulation after injury in DRG neurons?
HIF-1a is usually hydroxylated by prolyl hydroxylases (PHD1-
PHD3) and recognized by von Hippel Lindau (VHL) for proteaso-
mal degradation (Yee Koh et al., 2008). It will be interesting to
determine whether the activity of PHD and VHL is regulated
following axon injury. HIF-1a is also regulated by oxygen-inde-
pendent mechanisms (Yee Koh et al., 2008). Our data suggest
that a potential mechanism could involve the elevated calcium
levels we previously observed in DRG soma after injury (Cho
et al., 2013) and the receptor of activated protein kinase C
(RACK1). Indeed, RACK1 homodimerization recruits compo-
nents of the E3 ligase complex to HIF-1a, leading to HIF-1a ubiq-
uitination and degradation (Yee Koh et al., 2008). In the presence
of calcium, RACK1 dimerization is blocked by the calcium-
dependent phosphatase calcineurin A, preventing RACK-1-
mediated HIF-1a degradation (Liu et al., 2007). Future studies
should determine the precise molecular pathways controlling
HIF-1a levels and localization in injured neurons.
Our results indicate that HIF-1a regulates a large ensemble of
genes following axon injury. VEGFA expression downstream of
HIF-1a represents one molecular mechanism enhancing axon
regeneration. We found that neurons upregulate the expression
of VEGFA in response to axon injury, suggesting an autocrine
function. The observation that VEGFA receptors are also ex-
pressed in neurons supports the evidence that VEGFA can
directly affect neurons (Mackenzie and Ruhrberg, 2012). Earlier
studies have shown that VEGFA added to explants culture pro-
motes survival, axonal outgrowth, and Schwann cell proliferation
(Sondell et al., 1999). An engineered HIF-1a to activate VEGFA
was shown to enhance recovery after spinal cord injury as well
as attenuate axonal degradation (Figley et al., 2014; Liu et al.,
2010), but these studies did not directly examine the impact on
axon regeneration. Hence, HIF-1a-dependent VEGFA expres-
sion after injury together with injury-induced expression of the
VEGF receptor (KDR) may enhance vascularization as well as
directly stimulate axon regeneration, similar to the common
role of VEGFA during development of the nervous and vascular
systems (Carmeliet and Ruiz de Almodovar, 2013; Ruiz de Almo-
dovar et al., 2009).
Our demonstration that HIF-1a promotes axon regeneration
by regulating an ensemble of genes suggests that regulating
HIF-1a levels with AIH is a promising therapeutic strategy to pro-
mote functional recovery. AIH has been extensively studied for
its therapeutic potential (Navarrete-Opazo and Mitchell, 2014).
Our results suggest that in addition to plasticity and functional
improvement in spared respiratory and nonrespiratory motor
pathways after chronic cervical spinal injury (Baker-Herman
et al., 2004; Baker-Herman and Mitchell, 2002; Lovett-Barr
et al., 2012), AIH enhances axon regeneration via the activation
of HIF-1a-dependent proregenerative genes. When adminis-
tered to human patients with incomplete spinal cord injury,
AIH increases ankle strength (Trumbower et al., 2012) as well
as walking speed and endurance (Hayes et al., 2014). The pre-
cise molecular mechanisms underlying these improvements in
human patients remain unknown, but carefully controlled AIH
appears to be a safe and noninvasivemodality that can be paired
with other neurorehabilitative strategies (Gonzalez-Rothi et al.,
2015). In rat models, AIH is believed to enhance respiratory
and forelimb motor capacities through hypoxia-induced
increased release of spinal serotonin (Baker-Herman and Mitch-
ell, 2002; MacFarlane and Mitchell, 2009) and expression of
BDNF and activation of its receptor TRKB (Baker-Herman
et al., 2004; Lovett-Barr et al., 2012; Satriotomo et al., 2012).
Given the role of BDNF and its receptor in axon regeneration
(Hoyng et al., 2014), AIH might also stimulate expression of
BDNF to promote axon regeneration in sensory neurons.
AIH can trigger both beneficial and detrimental effects in mul-
tiple physiological systems (Gonzalez-Rothi et al., 2015; Navar-
rete-Opazo and Mitchell, 2014). Whereas AIH elicits a form of
neuroplasticity termed phrenic long-term facilitation (Baker-Her-
man and Mitchell, 2002), prolonged intermittent hypoxia impairs
this important form of respiratory plasticity (Huxtable et al.,
2015). Prolonged hypoxia can also promote apoptotic neuronal
death (Banasiak et al., 2000). One underlying cause for such
divergent effects could be the magnitude and duration over
which HIF-1a expression is modulated in response to a given
AIH stimulus in a given tissue or cell type. Indeed, we found
that the duration of HIF-1a expression in sensory neurons is crit-
ical for the beneficial effects in axon regeneration, with overex-
pression of HIF-1a having negative effects on axon regeneration
and temporally controlled HIF-1a having beneficial effects. We
also observed that not all HIF-1a-dependent genes have prore-
generative functions. Some HIF-1a-dependent genes have anti-
regenerative properties, suggesting that the degree of HIF-1a
induction may impact the balance of pro- versus antiregenera-
tive genes. Similarly, following hypoxia in the brain, both genes
that promote and inhibit apoptosis are activated (Banasiak
et al., 2000). AIH might also elicit different responses in different
cell types that could influence regenerative responses and axon
integrity. For example, HIF-1a in oligodendrocyte precursor cells
couples postnatal white matter angiogenesis and axon integrity
with the onset of myelination (Yuen et al., 2014). HIF-1a target
genes in neurons may also differ from target genes in other
neuronal cell types. Indeed, although VEGFA is expressed by
neurons, astrocytes, and microglia in response to hypoxia
(Mackenzie and Ruhrberg, 2012; Rosenstein et al., 2010),
VEGFA is not induced in oligodendrocyte precursor cells in
which HIF-1a is stabilized (Yuen et al., 2014). Given the well-
known cell specificity of hypoxia-driven responses, and their
dependency on the magnitude, duration, and frequency of the
hypoxic challenge, whether the AIH protocol we used to stimu-
late axon regeneration in sensory neurons would also stimulate
axon regeneration in neurons within the CNS remains to be
tested.
In conclusion, our study unveils HIF-1a as an important tran-
scriptional regulator participating in the activation of a prorege-
nerative program. This study also emphasizes that sensory neu-
rons have harnessed a general feature of HIF-1a, which is to
protect organisms against hypoxic stress. Axon injury in itself
is a form of cellular stress that mobilizes HIF-1a as a part of
the cellular stress response to drive an injured neuron into a pro-
regenerative state. Our study also highlights that hypoxic stress
represents a noninvasive therapeutic avenue to improve axonregeneration and, importantly, could be applied after injury, in
a post-conditioning-like fashion.
EXPERIMENTAL PROCEDURES
RNA Preparations, qPCR, and Microarray Analyses
Total RNA was extracted from DRG spot cultures at 0, 3, 8, 12,and 40 hr after
in vitro axotomy using PureLink RNA mini kit (Life Technologies). To perform
quantitative PCR, Fast SYBR Green Master Mix was used (Life Technologies)
with validated primer sets from PrimerBank. To study HIF-1a-dependent gene
regulation, a microarray analysis was performed to compare control DRG neu-
rons to DRG neurons in which HIF1A was knocked down or in which human
HIF1A was overexpressed. Detailed methods about microarray analysis can
be found in Supplemental Experimental Procedures.
Animals
HIF1Aflox/flox mice originally generated by Dr. Randall S. Johnson (Baranova
et al., 2007) were kindly provided from Dr. Gidday and Dr. Beebe at Washing-
ton University. HIF1Aflox/flox female mice were crossed to AdvillinCre/Cre
male mice (Zhou et al., 2010) to generate HIF1Aflox/flox;AdvillinCre/+ conditional
knockout mice and HIF1Aflox/flox;Advillin+/+ littermate controls. Genotype
was tested by genomic tail DNA PCR at weaning age. DLKcKO (DLKflox/D ;
AdvillinCre/+) mice were obtained by crossing DLKflox/flox to DLK+/D;AdvillinCre/+
mice (Miller et al., 2009; Shin et al., 2012). DLK
flox/+
mice were used as littermate
controls. We used CD-1-timed pregnant mice for DRG culture. All in vivo ex-
periments were done using 8- to 12-week-old littermate mice.
Surgeries and Tissue Preparations
All surgical procedures were performed under isofluorane anesthesia and
approved by Washington University in St. Louis, School of Medicine Animal
Studies Committee. Sciatic nerve injury experiments were performed as
described (Cho and Cavalli, 2012). For double crush injury experiment, we
followed previous protocols (Shin et al., 2012). For mouse L4 dorsal root
nerve crush surgery, a small laminectomy of the caudal portion of the L2
vertebra was performed and fine forceps were used to crush the right L4
dorsal root.
For western blot analysis, mouse DRG tissues were dissected at the indi-
cated time after nerve injury and homogenized in lysis buffer (Cell Signaling)
as described (Cho and Cavalli, 2012). For immunohistochemistry, mouse
DRG tissues were prepared as described (Cho and Cavalli, 2012). To measure
the intensity of nuclear HIF-1a, region-of-interest (ROI) of DAPI-positive area
from TUJ-1-positive cells was selected and HIF-1a-fluorescence intensity
was measured using ImageJ.
Embryonic DRG Neuron Spot Culture and In Vitro Regeneration
Assay
Embryonic DRG neurons were cultured as previously described (Cho andCav-
alli, 2012). Knockdown or overexpresson was achieved by lentivral infection at
DIV4. In vitro regeneration assay was performed as previously described (Cho
and Cavalli, 2012). DRG spot cultures were axotomized with a blade and
immunostained 40 hr later for SCG10. A regeneration index was calculated
from the images acquired by measuring the fluorescence intensity of a square
area (2.7 3 0.1 mm) at 0.1 mm distal to the axotomy line and normalizing this
intensity to the similar area 0.1 mm proximal to the axotomy line.
In Vivo Regeneration Assays
Sciatic nerves were dissected at the indicated time after a crush injury. Longi-
tudinal sciatic nerves sections were stained with SCG10 and TUJ1, as
described in Shin et al. (2012, 2014). SCG10 fluorescence intensity was
measured along the length of the nerve using a line scan macro in ImageJ. A
regeneration index was calculated by measuring the average SCG10 intensity
at several distances away from the crush site, which is defined by the position
along the nerve length with maximal SCG10 intensity, correlating with TUJ1 la-
beling where deformation of the nerve and disruption of axons are identified
(Shin et al., 2014). Reinnervation of the neuromuscular junction after sciatic
nerve injury was performed as described in Cho et al. (2013). The number ofNeuron 88, 720–734, November 18, 2015 ª2015 Elsevier Inc. 731
NMJ endplates reoccupied (O) or nonoccupied (N) by YFP signal was counted
and normalized to the total number of endplates to calculate the percentage.
Hypoxia Treatment
For in vitro hypoxia, established protocols were followed (Wu and Yotnda,
2011). Briefly, embryonic DRG cultures were placed in a gas-tight chamber
flushed for 10 min with 5% CO2 balanced with nitrogen at a flow rate of
20 L/min. The chamber was then placed back in the cell culture incubator
for the indicated amount of time. Control cultures underwent the same proce-
dure but 5% CO2 balanced with normal air was flushed.
All in vivo AIH procedures were approved by Washington University in
St. Louis, School of Medicine Animal Studies Committee and followed estab-
lished protocol (Zhang et al., 2004) with minor modifications. Mice were placed
in a chamber flushed with oxygen balanced with nitrogen: 10 min episodes of
8% O2; 10 min intervals with normal air, six hypoxic episodes, total 120 min.
For testing the effect of AIH on axon regeneration, 120 m AIH protocol began
2 hr after sciatic nerve injury and was applied once daily for 3 days. For muscle
reinnervation, AIH was administered daily for 7 days starting 1 hr after sciatic
nerve injury, and mice were returned to their cages for 5 days.
Statistics
Student’s t test or ANOVA (for multiple comparisons) followed by Tukey post
hoc tests were used to determine statistical significance, with p < 0.05 consid-
ered statistically significant.
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